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SUMMARY 



Performance tents of the thermal ice-prevention 
equipment, developed for the B-17F airplane "by the Ames 
Aeronautical Laboratory, have "been conducted at the NACA 
Ice Research Project, Minneapolis, Minn., in cooperation 
with the Materiel Command^ U.S. Army Air Forces. Temper- 
atures of the heated surfaces, structure., and circulating 
air and the air-ilov; rate and quantity of heat through 
the system were obtained during flights in dry air (no 
visible moisture) and in natural icing conditions. Obser- 
vational and photographic d{.a,ta were obtained of the sus- 
ceptibility of the protected and unprotected areas of the 
airplane to ice formations^ 

The performance tests of the thermal ice-prevention 
equipment indicated that, with a few exceptions, satis- 
factory protection was provided for all protected sur- 
faces- The heat supplied to the empennage v^as not suffi- 
cient to provide complete protection in the most severe 
icing conditions encountered, and the wing tips were sub- 
ject to icing. For all parts of the airplane where the 
design specifications were realized, protection was pro- 
vided by the thermal ice-prevention equipment without ap- 
parent deleterious thermal effects on the structure. 
Where the specifications were not satisfied, the system 
failed to prevent completely the formation of ice. It was 
further substantiated by the results of the reported 
tests that sufficient data are available for the design 
of thermal ice-prevention equipment for airplanes which 
will provide protection from icing. 



INTRODUCTION 



For the past several years the NACA has been exten- 
sively engaged in an investigation of the prevention of 
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iC3 formation on airplanes "by the use of thermal ice- 
prevention e qiiipment utilizing the heat of the exhaust 
gases from the airplane's engines. As a part of this 
program, the AAL has >iesigned and tested thermal ice- 
prevention eq^uipment on a Lockheed ISA airplane (refer- 
ence l) and on a Consolidated B-24D airplane (reference 
2). Also, at the request of the Materiel Command, U . S , 
Army Air Forces, the AAL has developed a thermal ice- 
prevention system for the Boeing B-17F airplane. A de- 
scription of this design, an outline of the design anal- 
ysis, and a presentation and discussion of flight-test 
thermal data secured in dry air are reported in reference 
3. 

The flight ter-ts of the thermal ice-prevention equip- 
ment on the B-17i' airplane reiDorted herein have heen con- 
ducted in natural icing conditions for the purpose of 
supplementing the flight tests described in reference 3, 
to study the operation of the i c e-pr ev ent 3. on system in 
icing conditions and to obtain thermal data which may 
assist in extending the development and use of this type 
of equipment. The flight operations were conducted at 
the NACA Tee Research Project, Minneapolis, Minn., during 
the months of January, February, and March, 1943. Flights 
were planned with the cooperation of the UoS. Weather 
Bureau and the Northwest Airlines dispatch office. 



DESCRIPTION OF THE ICE-PREVENTION EQUIPMENT 



The B-17F airplane equipped with the thermal ice- 
prevention system is illustrated in figure 1^ Figure 2 
is the general layout of the installation which is de- 
scribed in detail in reference 3- The details of the 
ice-prevention system design for the wing and empennage 
are shown in figures 3 to ?o The instrumentation of the 
equipment was the same as reported in reference 3; how- 
ever, the exhaust-gas temperatures were not obtained for 
the tests conducted at the Ice Research Project. The 
thermocouple and ventur i -me t er locations are shown in 
figure S, All t em^per atur e s v/ere determ^ined with iron- 
constantan thermocouples and a Lewis direct-reading po- 
tent i omet er . 

Facilities for heating the pilot's and copilot's 
windshields were not included in the ice-prevention 
equipment installed at the AAL because an extensive in- 
vestigation was being conducted elsewhere by the Army Air 
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Forceso The need of a windshield heating system "became 
apparent, however, after the initial flights in icing 
conditions had been made* Hence, a temporary heating 
system for the pilot-s windshield was installed which 
utilized the service windshield and defrosting installa- 
tion. The service windshield consisted of two panes of 
glass with an approximate 3/8-inch gap "between, main- 
tained "by a plastic spacer around the edges of the glass. 
The defroster located at the forward lower corner of the 
windshield directed heated air, supplied 'by the service 
cahin-heat ing system, against the inner surface of the 
inner pane of glass. Slots were cut in the forward and 
aft plastic spacers of the windshield and the defroster 
outlet was replaced with a distribution header to direct 
the heated air into the forward slot. The normal flow of 
heated air to the defroster was increased "by the instal- 
lation of a small blower; driven by a 1 ~hor sepoi-^rer elec- 
tric motor, in the supply duct. The air passed between 
the two panes of glass and exhausted into the pilot's 
compartment through the slot in the aft edge of the wind- 
shield*. Two thermoc our 1 e s were installed in the system; 
one in the heated-air supply duct at the inlet side of 
the blower and one in the windshield air-exit gap. A 
method of obtaining the heated-air flow rate was not 
available. 

A strut to serve as an unprotected surface for the 
observation of ice accumulations by the flight personnel 
was mounted on the left side of the fuselage at the aft 
edge of the radio compartm'^nt v/indow. The use of an ice 
indicator which would automatically control the ice- 
prevention system had been considered, but i^^as not em- 
ployed on the test airplane- 

The liaison radio service antenna lead-in wire, 
which extended from the upper surface of the left wing to 
the left side of the fuselage in a direction approximate- 
ly 45^ to the air stream, was replaced with a rubber- 
covered l/l6-inch steel cable to decrease the effect of 
precipitation static on radio communication and withstand 
the loads imposed by heavy formations of ice. 

TESTS 



In general, the procedure followed during the icing 
flights was to make first a preliminary vertical and 



horizontal traverse of the re^^^ion of prclDahle iciri;^; to 
estalDlish the iDoundaries of the icing area, and to deter- 
mine the severity of the icing condition. After the pre- 
liminary survey/ was completed, the airplane v/gis flown in 
the icing region for a sufficient length of time to allow 
complete ohservations to he made of the operation of the 
thermal ice-prevention equipment A total of seven 
flights in icing conditions and tv/o in dry air was con- 
ducted. During four of the flights in icing conditions 
and the two in dry air, temperatures of the heated sur- 
faces, structure, and circulating air were ohtainod. The 
air-flow rate and quantity of heat through the system were 
also determined^ Oh s ervat ional and photographic data of 
the protection afforded hy th3 thermal ice-prevention 
system were ohtained during all the icing flights. 

During the majority of the flights in icing regions 
the engines were operated at cruising-power conditions of 
approximately 28 inches of mercury manifold pressure and 
ISOO rpm engine speed. To investigate the effect of an 
increase in engine power on the operation of the ice- 
prevention equipment, one test was made at engine -nower 
conditions of approximately 3I inches of mercury manifold 
pressure and 2100 rpm engine speed. 

The airplane was inspected after each flight in 

order to note ice accumulations on airplane parts not 

visihle to the ohservers during flight and to study the 

formation of ice still adhering to the airplane., 

RESULTS 



The conditions under which the tests were conducted 
are shown in tahle I. Variations in the r-^te of icing on 
different parts of the airplane made it impossihle to de- 
fine accurately the severity of the icing for the various 
conditions, A designation of the severity of the icing 
conditions, arbitrarily chosen to provide a means for 
comparing flights, has heen included in tahle I. The 
lightest icing condition encountered has heen designated 
as 1 and the most severe condition as flight, en- 

gine, and thermal data, which were taken for seven test 
conditions, are presented in tahles II, III, and IV. 
Comr)lete thermal data were not obtained during test 1; 
however, the data obtained have heen included because the 
lowest temperature icing was encountered on this flight, 
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and a comparison of these data with the data taken during 
other flights is helieved to he of interest. The thermal 
data include the Quantity of heat supplied hy the ex- 
changers and the temperatures of the circulating air, 
heated surfaces, and structure. The chordwise distribu- 
tion of the wing outer-panel skin temperature rise is 
presented in figures 9 to 15 for the seven tests. The 
thermocouple designations given in the bahles correspond 
to those shown in figure 8. In the interpretation of the 
thermal data the installation details described in refer- 
ence 3 should he considered^ From laboratory tests of 
air and skin thermocouple installations which were simi- 
lar to those used on the B,-17F airplane, it was found 
that under dry-air conditions the maximum error indicated 
for the air temperatures was :t3^ F and the error of the 
skin temperatures was from 0^ to 6^ F. 

The wing outer panels from stations 19A to 33 were 
free from ice formations during all the icing condi- 
tions encountered. Ice formed on the wing-tip leading 
edges during all the icing flights. The unheated landing 
light cover and the leading edge at the wing splice ac- 
cumulated ice as shown in figure 16^ Figures 17 and 18 
are photographs of the right and left wing inner panels 
and illustrate the partial protection afforded the right 
wing inner panel, "be-oween nacelles 3 and 4, by the ice- 
prevention system.. 

The heating installation for the carburetor and 
intercooler air inlets for nacelle 4 was not satisfactory 
All the air inlets located in the wing leading edge and 
the elbow in the ducts from the carburetor and inter- 
cooler inlets, visible from the inlet, accumulated ice. 
(See figs. 19, 20, and 21.) During the flights in icing 
the operation of the engines did not appear to be af- 
fected by the observed icing of the inlets. 

The ice-prevention system in th? em.pennage prevented 
severe accumulations of ice, but several regions on the 
heated leading edge and aft of the heated portion of the 
vertical and horizontal stabilizers were not adequately 
heated to provide complete protection during all icing 
conditions encountered, as shown in figures 22 to 30^ 
The report of the pilots indicated that the ice accumula- 
tions did not noticeably affect the stability or the con- 
trol of the airplane during flight in the icing condi- 
tion s » 
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The partial protection afforded the pilot wind- 
shield "by the temporary heating system is illustrated in 
figures .31 to 34o The lower portion of the windshield 
was protected at all times, as shown in the figure^, and 
provided a clear area .for the pilot ^s use. Observations 
of the icing of the windows during flight are presented 
in tables V and VI. 

The heating provided for the heat-exchanger inlets 
prevented ice formation during all except the most severe 
icing .conditions. 

Ice accum.ulat i ons on unprotected surfaces of the air- 
plane are shown in figures 35 to 46. The unheated por- 
tions of the wing leading edge, the engine cowls, the 
front of the fuselage, the upper and "ball gun turrets, 
and the housings for the fuel booster pumps and the loop 
antenna accumulated ice. Formations of ice were also ob- 
served during the more severe conditions on the fuselage 
brazier-head rivets aft of the radio compartment, and on 
the running and identification lights on the dorsal fin^ 

Several small cracks were found at the forward end 
of the heat exchanger which was installed in nacelle 1, 
This was the only evidence of failure observed when the 
ice--prevent i on system was inspected after testing had 
been completed, 

DISCUSSIOIT 



The test airplane was flown in icing conditions for 
a total of 9^4 hours. The ice-prevention equipment pro- 
vided sufficient protection to allow extended flights to 
be made in all icing conditions encountered. Icing was 
encountered at temperatures of -1^ to 13^ P and 30^ to . 
300 a^^i a maximum altitude of 12,000 feet. The 
maximum altitude at which thermal data were obtained was 
9500 feeto 

The susceptibility of unprotected surfaces of the 
airplane to icing is illustrated in figures 20, 27, 33, 
42, and 43., The ice accumulations shown resulted from 
limited flight in icing conditions and indicate the ne- 
cessity of providing protection for airplanes to be flown 
in inclement weathero 
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During terts 4 and 5, in which the most severe icin^^ 
conditions were encountered, a 20- to 25~mile-per~hour de- 
crease in indicated airspeed wav^ o"bserved for a constant 
engine power conditiono This decrease in airspeed was 
not only evidenced oy the airspeed indicator, but al<^o "by 
a decrease of the air-flow rate through the ice-prevention 
system, which resulted in an olDserved increase of the 
heated-air temperature. It is probable that the ice ac- 
cumulations on the unprotected or insufficiently heated 
parts of the airplane caused this decrease in airspeedc 

Wing Outer Panel 



The ice-prevention equipment for the wing outer 
panel from stations 19A to 33 consisted of corrugated 
sheets attached to the outer skin which directed the 
heated air against the inner face of the wing slcin. The 
corrugated sheets, separated at the leading edge to pro- 
vide an opening for the heated air to enter the chord- 
wise passages, terminated at approximately 15 percent of 
the wing chord. After flowing through the chordwise pas- 
sages the heated air passed into the interior of the wing 
and discharged through the aileron gap. 

Visual observations made during flight and immedi- 
ately after landing indicated that the wing outer panel 
was protected from ice accumulations at all times during 
the testsc It was not possible to obtain any photographs 
of the condition of the wing outer panel during flight; 
however, an example of ice formation on an unheated re- 
gion of the wing leading edge, which was accumulated dur- 
ing test 7, is shown in figure 16. This ice formation is 
on the right landing-light cover and extends over the un- 
heated leading edge at the wing splice. The heated lead- 
ing edge may be observed to be completely clear of iceu 
The heating equipm.ent vras freouently employed during take- 
off and climb witnout visible damage to the wing structure 
or heating equipment., 

Thermal data for the wing outer panel, taken during 
five flights in icing conditions and two flights in dry 
air, are given in table III. During the flights in icing 
conditions the maximum structure temperature observed was 
124° F, corresponding to a temperature rise above ambient 
air of 100° F. The highest structure temperature ob- 
served, 162° F, or 122^ F above ambient air temperature, 
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was recorded dnring previously reported dry-air flights 
in the vicinity of Moffett Field, Calif. » (reference ?) 
for level flight at 10,000 feet pressure altitude when 
the temperatures of the heated and amhient air were 
higher than for any condition encountered during the 
testing in the vicinity of Minneapolis, Minn* 

The design of the ice-prevention system was "based 
upon a spanwise air temperature drop of 40^ Fo For the 
icing flights the average spanwise air temperature drop 
hetween s tat ions 22V2 and was 49^ F and for the dry- 
air flights was 34^ F. The reversal of the spanwise gra- 
dient of the heated aiv and skin temperatures "between 
stations 22V2 and 20 was prohahly due to the method hy 
which the heated region hetx\'een stations 20 and 21 was 
supplied with heated air (fig. 

The average v/ing outer-panel skin temperature rise 
forward of the 15-percent-chord point varied from approx- 
imately 50^ to 70^^F for the flights in icing conditions, 
and was approximately eO^ F for the flights in dry air. 
It was observed that the lowest value of the average tem- 
perature rise of the wing outer-panel leading edge was 
obtained in the most severe icing conditions (tests 4 and 
5). The data for these tests indicate that the increase 
of engine power resulted in a 5^ F increase of the aver-- 
age skin temperature rise of the forward 15 percent of 
the wing outer panel. 

An approximation of the heat flow through the for- 
ward 15 percent of the wing outer-panel skin was deter- 
mined from the average air temperature drop through the 
chordwise passages and the air-flow rate to the wing 
outer panel. The approximate heat flow through the skin 
per square foot of wing leading-edge surface, the differ- 
ence "between the average temperature of the heated air in 
the corrugations and the ambient air temperature, and the 
average velocity of the air passing through the chordwise 
passages are presented for tef^ts 3, 4, 5» and ?• 
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Test nam"ber 


3 


■ 

4 


5 


7 


Heat flow through wing 
leading -edge surface, 
Btu/ (hr ) ( sq f t ) . . , . , 


1200 


1180 


1470 


1210 


Difference, average air 
temperature in corruga- 
tions and amhient air, 
"^F 


129 


116 


115 


139 


Average velocity of air ir 
corrugation?, ft/r^ec . . 


60 


55 


65 


56 



The data recorded during flight in icing conditions 
(tests 3, 4, and 7) indicate that the wing outer panel 
was protected with a total heat flow through the wing 
leading'-edge surface of approximately 82,000 Btu per hour, 
v;hich was approximately 50 percent of the total heat sup- 
plied to the leading-edge system and provided an average 
skin t er:.peratur e rise forward of the 15~percenb-chord 
point of from 50^ to 70^ P. The total heat flow through 
the wing leading-edge surface was practically constant 
for the same engine power conditions during the dry-air 
and icing flights, hut the skin temperature rise was 10^ 
to 30^ F greater during the dry-air flights than during 
the icing flights. 

Wing Tip 

The heated air for the wing tip was obtained from 
the interior of the wing outer panel after flowing through 
the leading-edge chordwise passages. The air entered a 
gap "between the wing skin and an added outer skin through 
holes in the leading edge of the inner skin and discharged 
at the end of the douhle-skin region on the upper and 
lower wing surfaces (figo 4)-. 

The protection afforded hy th^. iving-tip system was 
not sufficient to prevent the formation of ice on the 
leading edge. Accumulations of ice were observed on tha 



wing tips during every flight in icing conditions^ The 
thermal data olDtalned for the wing tip, given in table 
III, indicate that the average skin temperature rise of 
the heated leading-edge surface was approximately 20^ F 
during the icing flights and 35° F during the dry-air 
flight s , 

The previously reported tests of the ice-prevention 
system (reference 3) indicated that the protection pro- 
vided for the wing tips might "be inadequate, hut the ur- 
gency of testing the equipment in icing conditions pre- 
vented altering the system. It is prohahle that the use 
of air which had first "been passed through the wing 
leading«edge system and the ahsence of ducting to direct 
the air to the wing-tip leading edge were responsible for 
the failure of the ice-prevention system to protect the 
wing tipsy 

Wing Inner Panel 

The ice-prevention system for the wing inner panel 
consisted of an inner skin attached to the wing skin ex- 
tending over the forward 4 percent of the leading edge, 
top and bottom, to direct the heated air against the in- 
ner face of the wing skin. The heated air was admitted 
into the gap between the outer and inner skins at the 
lower surface of the wing and was discharged into the 
wing interior at the gap outlet on the upper surface. 
The supply of heated air for the right wing inner panel 
was obtained from the heat exchanger in nacelle 3o The 
left wing inner panel was revised in the same manner as 
the right wing, but was not connected to a supply of 
heated air, pending the possible inotallation of a heat 
exchanger in nacelle 2o Protection was not provided for 
the oil-cooler inlets located in the wing inner-panel 
leading edge adjacent to the engine nacelles. 

The upper surface of the wing inner panel was visi- 
ble during flight, and light accumulations of ice were 
observed in this region during tests 4. 5, and ?• Figure 
17 is a photograph of the heated region of the wing inner 
panel visible during test ?• Most of the ice accumula- 
tion shown has formed on the oil-cooler inlet for engine 
4 and not on the heated region of the wing leading edge. 
The oil-cooler inlet was observed to accumulate ice dur- 
ing every flight in icing conditions. Figure 18 shows 
the unheated wing inner panel between necelles 1 and 2 
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during the flight when figure 17 war, olDtainedo A compar- 
ison of these two figures illustrates the degree of pro- 
tection afforded ty the heating system in the right wing 
inner panel , 

The air temperature at the entrance to the douhle- 
skin region and at the heated-air exit gap, and the skin 
temperatures at one wing station are given in tahle IV 
for the heated wing leading edge "between nacelles 3 and 
4o The skin-temperature data indicate a considerable 
chordwise temperature drop from the lower to the upper 
surface of the heated region, in the direction of air 
flow, varying from approximately 70^ to 110^ Fo The av- 
erage value of the skin-temperature rise varied from 35^ 
to 65^ the lowest values "being obtained during the 
most severe icing conditions (test?^ 4 and 5). 

The degree of protection afforded "by the test instal 
lation indicates that this design may prove satisfactory 
if the gap "betv/een the outer and inner skins was increase 
or tapered in order to decrease the heat lost by the air 
to the wing lower surface. The application of an instal- 
lation similar to that employed in the wing outer panel 
would insure a more satisfactory temperature distribution 
and although it might involve installation difficulties 
not encountered in the test airplane^ the resulting sys- 
tem would be superior. 



Carburetor and Intercooler Inlets 

An experimental ice-prevention i n t al 1 at i on was 
provided for the lower lips only of the carburetor and 
intercooler air inlets for engine 4<, Heated air was di- 
rected against the lower edges of the inlet openings 
through flattened outlets of a 1-inch-di amet er branch 
from the supply duct to the wing outer panelo 

The neated inlets were not -^^isible to the flight 
personnel during flight, but ice accumulations were ob- 
served on these inlets after landing., similar to the for- 
mations shov/n in figure 19, which is a photograph of the 
intercooler air inlet for engine 1* Figures 30 and 21 
show further examples of ice accretions on the air inlets 
An ac cum.ulat i on of ice in the elbow of the ducts leading 
from the air inlets in the wing leading edge to the en- 
gines was observed after most of the icing flights^ The 
most severe accumulations were observed after landing 
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from test 7, at which time figure 19 wa^ ©"btained and 
shows ice on the turning vanes in the duct elhow, aft of 
the inlet. During flights ice was observed to accumulate 
on the inlets of the oil coolers to the extent that the 
inlet area was decreased to approximately one-half the 
r.ormal area« The ice accumulated on the inlets did not 
appear to affect the operation of the engines during the 
reported limited flights in icing conditions. However, 
during extended operation in inclement weather, it is 
prohahle that the inlets may hecome sufficiently obstructed 
with ice to prevent desired oil cooling and eliminate the 
carburetor and i.ntercooler inlets ac^ a source of aire 

The instrumentation of the heated carburetor and 
interccoler inlets for engine 4 consisted of one thermo- 
couple on the lower edge of each intake. The skin tem- 
peratures recorded during flight indicate a temperature 
rise of approximately 20^ to 40^ F rf.uring icing condi- 
tions, and 30^ to 40^ F in dry-air conditions (table 

The results of the flight tests indicate that the 
experimental heating system provided for the carburetor 
and intercocler inlets of engine 4 was unsatisfactory. 
It is probable that an installation which provides for 
directing heated air against the entire inlet, instead of 
the lower portion only, to achieve a skin temperature 
rise comparable to that maintained on the leading-edge 
surface of the wing outer panel, will prevent the accumu- 
lation of ice on the inlets. 



Horizontal Stabilizer 

The ice-prevention installation on the horizontal 
stabilizer utilized an outer skin attached to the stabi- 
lizer skin to provide a passage for heated air. The air 
entered the gap betweon the inner and outer sKins through 
holes in the leading edge of the inner skin, and was dis- 
charged at the end of the double-skin region on the upper 
and Icwer surfaces of the stabiliiier. The desi£:n of the 
horizontal stabilizer i c e -prevent i on system was based 
upon a heated-air temperature of 250^ F and an average 
skin temperature rise of 90^ F at an altitude of 18,000 
feet. As reported in reference 3 these design values 
were not realized during the tests of the equipment at 
Moffett Field, Calif., but in view of the limited time 
available for completion of the installation, the system 
was not altered to meet tne design specification. 
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During all the icing flights the heating system pre- 
vented the accumulation of ice on the major portion of the 
heated region. The areas of the leading edge which were 
not adequately protected to prevent the accumulation of 
ice during all conditions were at the tip, at midspan, 
and ahout 10 inches of the leading edge at the junction 
of the horizontal stabilizer and fuselage. The extent to 
which the horizontal sta'bilizer accumulated ice is shown 
in figures 22. 23, and 24. In the most severe icing con- 
ditions (tests 4 and 5) ice wa? o"bscrved to form on the 
aft region of the heated doulDle-skin and on the upper and 
lower surfaces of the horizontal sta'bilizer aft of the 
heated leading edge (figs. 23, 24, and 25). 

^Figure 26 is a photograph of the left horizontal sta- 
'bilizer showing ice formation on the tip, which was the 
only part of the sta'bilizer to accumulate ice during test 
7. Figure 27, a photograph of ice formation on the right 
horizontal sta'bilizer tip taken after landing from test 7, 
shows the ice formation extending "beyond the heated por- 
tion of the leading edge almost to the point of tangency 
with the air flow. Ice accumulated on the extreme tips 
of the sta'bilizer during every flight in icing, indicat- 
ing that the heated region should he extended completely 
around the forward facing curve of the tip. 

The ice formations which accumulated on the leading 
edge of the horizontal sta'bilizer were found to he at the 
inhoard, midspan, and tip regions where the distribution 
duct had been discontinued and the heated air discharged 
into a chamber through a 1-inch-diamet er hole in the end 
of the duct (fig« 6). The thermocouples i\rhich indicated 
the leading-edge skin temperatures were located in or 
near the regions where ice accumulated and^ therefore, 
may not give a true indication of the temperature rise 
of the protected portion of the leading edge. The ther- 
mal data, given in table IV for the horizontal stabilizer, 
show an average skin temperature rise for the leading 
edge of approximately 30'^ T for tests 1, 3, 4, and 5, and 
65° F for^test 7, During the dry-air flights (tests 2 and 
6) the average skin temperature rise V7a*=^ approximately 
^qO rp^^ increase in engine power conditions (test 5) 

did not materially affect the skin temperature rise or 
the degree of protection afforded by the ice-prevention 
system. The heated-air flov; rate to the horizontal sta- 
bilizer was not obtained, but the total weight of air 
supplied to the empennage group was determined and the 
distribution of the air to the horizontal and vertical 
stabilizers was based upon the skin temperature rises. 
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The protection of the horizontal stal^ilizer pro"ba^ly 
would, improved "by an increase in the quantity of heat 
supplied and an alteration of the di s t r iliut i on system at 
the tip, midspan, and inlDOard sections of the leading 
edge to conform to the system used in the protected re- 
gions. 

Vertical Stabilizer 

The vertical stabilizer leading edge was heated in a 
manner similar to the horizontal stabilizer. Heated air 
was admitted into a gap, formed "by the vertical stabilizer 
skin and an added outer skin, through holes in the lead- 
ing edge of the inner skin and discharged from the gap at 
the end of the double-skin region on both sides of the 
stabilizer. The dorsal and fin systems were essentially 
separate, being divided at their junction which was not 
provided with a double skin (figo 7)0 

In the preliminary dry-air tests of the ice-preven- 
tion equipment, reported in reference 3, it was found 
that the heating of the vertical stabilizer was below the 
design value, but not to a serious degree. The results 
of the flight tests in icing indicate that three small 
areas of the leading edge were not sufficiently heatedo 
The unsatisfactorily protected regions of the vertical 
stabilizer are shown in figures 28, 29^ and 30, which 
were obtained during icing flights cf tests 4, 5, and 7c 
The ice on the leading edge at a point approximately mid- 
way between the base and the top of the vertical stabi- 
lizer is in the vicinity of the dorsal and fin junctiono 
Ice formations aft of the heated leading edge, which are 
visible on both sides of the vertical stabilizer in fig- 
ures 28 and 29, were observed only during the most severe 
icing conditions of tests 4 and 5. The increase in en- 
gine power for test 5 did not produce any apparent change 
in the degree of protection afforded by the ice-prevention 
system for the vertical stabllizerc 

The brazier-head rivets in the forward portion of 
the dorsal and top of fuselage, and the lights in the 
dorsal leading edge accumulated ice as shown in figures 
28, 29, and 30. These ice accumulations pr obably ^ c on- 
tributed to the decrease in airspeed recorded during 
tests 4 and 5. Although the heating of the entire lead- 
ing edge of the dorsal seems impractical, figure 29 il- 
lustrates the desirability of extending the heated 
double skin at least 1 foot farther forward on the dorsal. 
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The thermal data for the vertical stabilizer, given 
in table IV, indicate that the heat distribution along 
the leading edge was not satisfactory. The average 
leading-edge skin temperature rise for tests 3, 4, and 5 
varied from approximately 40^ J on the dorsal to lO^ F on 
the fin tip and for test 7 from 60^ T on the dorsal to 
20^ F on the fin tip. For the dry-air flights, tests 2 
and 6, the average skin temperature rise was approximately 
50'^ F on the dorsal and 15^ F on the fin tip. i)uring all 
tests the highest skin temperature rise was recorded at 
the lov/est measuring station on the fin leading edge. 
The air-flow rate to the vertical stabilizer was not ob- 
tained, but the total amount of heated air supplied to 
the empennage was determined. 

The heating of the fin tip might be improved by elim- 
inating the bypass duct in the fin distribution system 
and utilizing the leading-edge duct system throughout. 
An increase in the quantity of heat supplied bo the ver- 
tical stabilizer probably would prevent the accumulation 
of ice aft of the leading edge and provide protection for 
the leading edge at the dorsal and fin junctiono 



Windshi eld 

The pilot ^s heated windshield, adapted from the serv- 
ice windshield and defrosting system, was protected from 
ice accumulations on the lower portion, as shown in fig- 
ures 31 and 32. Figure 33 is a view of the windshield 
exterior, obtained from the aft top window of the bombard- 
ier^s comipartment during test 3, and illustrates the sus- 
ceptibility of the windshield to icing. Although the 
pilot's windshield was not completely protected during 
flight in icing conditions, it was observed to clear more 
rapidly than did the unheated copilot's windshield when 
the airplane was flown out of the icing conditions, as 
shown in figure 34, 

Visual observations of the windshield during tests 
3, 4, and 5 are presented in tables V and VI, The aver- 
age temperature of the heated air supplied to the wind- 
shield was approximately 180^ F, and several measurements 
of the air at the outlet gap indicated an average temper- 
ature of approximately 120^ F. 

Although an increase in the quantity of heated air 
supplied to the pilot *s windshield might have provided 
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more complete protection, the results of the test indicate 
that the adaption of the service windshield and defrost- 
ing system would not produce an installation which would 
he satisfactory for ail icing conditions^ It is probable 
that 5 by decreasing the gap between the two panes of 
glass, a satisfactory heated windshield might be developed 
which utilizes the same source of heated air as' did the 
reported temporary installati ono 



Wi ndows 

The pilot ^s windshield w?^.s the only window provided 
with a systen to prevent accumulation of ice^ The bomb- 
sight window wa<5 a double-pane installation similar to 
that originally provided for the pilot ^s windshield, with 
a defroster located at the base of the windown to direct 
heated air against the inner face of the inner pane of 
glassa Observations were made of the windows to deter- 
mine the susceptibility to icing. The results of obser- 
vations made during tests 3, 4, and 5 are given in tables 
V and VI, The icing of the bomb-sight window was, in 
most casesj so intense that vision was completely ob- 
structedo During the tests the upper and ball gun tur- 
rets were positioned with the sighting windows aft, and, 
therefore, the ice accumulations noted are on the back of 
the turrets. These observations have been included be- 
cause they show the amount of ice which may accumulate on 
the forward region of the turret* The ice accumulations 
noted on the gun turrets in tables V and vi probably 
would have obstructed vision completely if the gun-sight 
windows had been facing forward. The scattered icing on 
the windows of the waist hatches and the tail gunner's 
compartment was not as severe as the icing observed on 
the bomb-sight window and on the upper and ball turrets, 
but was sufficient to interfere with unobstructed vision 
through these regions. 

Photographs of the ice remaining on the upper gun 
turret, on the ball turret, and on the front of the fuse- 
lage, after landing from flight test 7, are presented in 
figures 35, 36, and 37, respectively,. During flight, the 
ice extended over a greater area of the regions than is 
shown in the figures, but some of the ice was lost after 
leaving the icing conditionc The results of these obser- 
vations indicated that protection should be provided for 
the windows used by the gunners.^ the bombardier, and the 
pilot if the airplane is to be successfully flown in in- 
clement weather. 
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Engine Cowls 

The unprotected leading edge of the engine cowls ac- 
cumulated ice during all testSo 'The icing of the cowls 
during flight may he seen in figures 38 and 39, which 
were taken during test 3, and in figure 40, taken during 
test 7. The upper portion of the leading edge of the 
cowls did not accumulate as much ice as did the lower 
portion. It appeared that the engine heat provided par- 
tial protection for the engine cowls. A heating system 
designed to utilize the engine heat prohahly would pro- 
vide complete protection for the engine cowls. 



G- e n e r a 1 

In addition tQ the wing, empennage, fuselage, and 
engine cowls, unprotected oojects, such as the airspeed- 
head support masts, the housings for the loop antenna and 
the fuel hooster pumps, and the drift sight were observed 
to he suhject to icing. Figure 43 is a photograph of ice 
formations accumulated during test 7 on the drift sight, 
the loop-antenna housing, and the left airspeed-head su^:- 
port mast. The ice accumulations observed on these un- 
protected protrusions and on the rivets and running 
lights (figs, 38, 29, and 30) illustrate the extreme im- 
portance of aerodynamic cleanness. 

The severity of icing on the airspeed-head support 
mast is shown in' figure 44. This figure is a photograph 
of the right ai r spe ed - he ad mast taken at the same time 
figure 43 was obtained. The st at i c -pr e s sur e openings in 
the airspeed head are located about 2 Va inches forward of 
the support-mast leading edge.. The ice accumulation 
shown in the figure extended to within l/8 of an inch 
from the static openings, and is an example of the ice 
formation accumulated during many of the flights. An ac- 
cumulation of this magnitude was found to affect the air- 
speed reading as much as 20 miles per hour at cruising- 
power conditions^ 

No attempt wa=^ made to prevent the accumulation of 
ice on the radio antennas. In figures 28, 29, and 30 ice 
formations may be seen on the antenna wire of the command 
radio. The rubber-covered steel cable which was in- 
stalled in place of the service lead-in wire for the^li- 
aison radio accumulated ice as shown in figure 45. The 
scattering of ice on the antenna in figures 28, 29, and 
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30 was caused "by vi"brations of the wire, which "broke up 
the accumulation. The lead-in wire for the liaison radio 
did not vihrate as much as did the command-radio antenna 
and, therefore, the ice formation on this wire was only 
slightly troken up. (See fig. 45.) Ice formations on 
the command-radio antenna were never as severe as the ac- 
cretions on the liaison-radio antenna lead-in wire, which 
may he attributed to the fact that the 1 i ai s on-radi o an- 
tenna lead-in wire was approximately 45° F to the slip- 
stream and the command-radio antenna was approximately 
parallel to the slipstream. 

Ice v>^hich accumulated on the radio antennas did not 
interfere with the operation of the radio. The metal 
shields installed forward of the lead-in antenna insula- 
tors (fig. 46) prevented ice from forming on the insula- 
tors, and l)Oth the command-radio antenna ard the liaison- 
radio antenna lead-in wires succ e s f ul ly carried the max- 
imum ice formations which accumulated during the flightso 

J'igure 45 shows the ice-indicating strut v/hich was 
mounted on the left side oi the fuselage at the aft edge 
of the radio-compartment window^ The ice formation on 
the strut leading edge was accumulated during test 7. 
Another illustration of icing on the strut is ^hown in 
figure 46, The ice formati^ons shown on the strut illus- 
trate the amount of ice which may accumulate on unpro- 
tected surfaces during flight in icing conditions. The 
variation in thickness of the ice on the strut prohahly 
was due to interference of the fuselage. 

The two-position control valves for directing heated 
air into the ice-prevention system or overheard after 
passing through the heat exchangers failed to operate 
during many flights due to a mechanical failure of the 
valve plate and linkage mechanism. Inspection revealed 
that the control motors operated satisfactorily, hut did 
not actuate the valves hecause of the mechanical failure 
of the linkage to the valve plates^ A more rigid con- 
struction of the valve assemhlies prohahly would have pre- 
vented this failure. 

The exhaust-gas-to-air heat exchangers used in tno 
tests were extended surface-fin type manufactured for the 
ice-prevention installation hy the Stewart-Warner Corpo- 
ration, and are descrihed in reference 3. The heat ex- 
changers were inspected during the testing at the Ice 
Research Project and no indications of failure were oh- 
served. After completion of tests the airplane was 
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returned to the AA.L^ An inspection revealed a failure at 
the forward end of the heat exchanger in nacelle 1. when 
the inspection was made, the exchangers had "been tested 
for a total of 70 hours, the last 15 hours having "been 
added after the final inspection at the Ice Research 
Project;, This ohserved failure of the heat exchanger 
consisted of several circumferential cracks in the wall 
at the forward end. Discoloration of the metal indicated 
that the exchanger had not heen sufficiently cooled in 
the region where the cracks occurred. Since no signs of 
failure were oh served on the heat exchangers installed in 
nacelles 3 and 4, which vrere tested for the same length 
of time as was the exchanger in nacelle 1, it is "believed 
that satisfactory di st rihut i on of cooling air v/ould have 
prevented the failure of the exchanger installed in na- 
celle 1 . 



CONCLUSIONS 



The following conclusions are "based on the results 
of the reported flight tests of the thermal ice-prevention 
ea^uipment installed on the B-17F airplane* 

lo In all parts of the ice-prevention equipment 
v/here the design specifications were realized, they wore 
demonstrated to "be satisfactory and should prove adequate 
for any similar installation. Where the design specifi- 
cations were not satisfied, the system failed to prevent 
completely the formation of ice, 

2. The results of the reported flight tests further 
su"bst ant iat ed the fact that sufficient data are availa- 
"ble for the design of thermal ice-prevention equipment 
for airplanes which will provide protection from icing* 

3, Ample heat for ice prevention may he supplied 
without apparent deleterious thermal effects on the wing 
s t ructur e , 

Ames Aeronautical Lahoratory, 

National Advisory Committee for Aeronautics, 
Moffett Field, Califs 
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TIBLE I.- FLIOITS IN ICIITG COIIDITIONS MADE IE THE B^iyp AIEPLANE EQUIPPED 

WITH A THERMAL ICE-PEE7ENTI01T SYSTEM 

CVJ 



Test numter^ 




1 






3 


^,-5 


7 








13ate • . ♦ . 


2-23-U3 




3-3-1+3 


3-I+-U3 


3-13-^3 


3-1^^3 


3-27-1+3 


Time in icing 
hr 




1/2 




1/2 


2 


2 


1 


Ambient-air 
temperature 

icing, Op . 


PD fo P7 




M- b 0 0 


)p UO ±± 


CL'-t UO J)U 


oil f/^ 7ri 

c.'-t ZO j\J 


y to 13 


Altitude 
range in 
icing, ft . 


to 

U300 


UOOO tn 
5000 and 
2000 to 
10.000 


Urod 
to 

7000 


6000 

to 

7000 


to 
l-l-OOO 


to 

U300 


to 
12,000 


Severity of 
icing^. . . 


2 


1 


1 


2 


3 


h 


2 


Type of ice 


G-laze 


Rime 


Rime 


Rime 


G-laze 


Glaze 


Rime 



^Por reference to tables II, III, and IV. 

Arbitrary index of icing severity; the least severe icing is designated 
as 1, the most severe as 



TABLE II.- FLIGHT AITD ENOIIIE DATA RECOEDED DURINO PLIGHT TESTS OF THE B-iyF AIRPLANE THEEJlAJj ICE -PREVENT I OIT EQUIPMENT 





1 


^2 


3 


1| 


J 


^6 


7 
1 




Level 

flight 


Level 
flight 


Level 
flight 


Level 
flight 


Level 
flight 


Level 
flight 


Level 
flight 






2^24-43 


3-13-^3 


3.-lU^l^3 


3_iIl-I|3 


3-IS-U3 


3-27-U3 


Time thermal data were taken. . 


3:30 P*iii* 

to 

U:00 p.m. 


U:15 p.m. 
to 

4:4-5 p.m. 


3.00 p.m. 
to 

3:^5 p.ni. 


1:15 p.rru 
to 

1:^5 P.ni. 


2:00 p.m. 
to 

2:30 p.m. 


ll:U5 a.m. 
to 

12;15 p.m. 


12:00 noon 
to 

12:30 p.m. 




Green Bay, 
Wis. 


Eau Claire, 
Wis. 


Eau Claire, 
Wis. 


Duluth, 
Minn. 


Buluth, 
Minn. 


Sioujc Falls, 
S. Dak. 


Benson, 
Minn. 


Pressure altitude at which, ther- 
mal data were taKen, ft. . . . 


7500 to 
7100 


U25O 


3850 


U15O 


Ucoo 


Uooo 


9500 


Amhient air temperature, ^F . . 


2-3 


3-5 


26 


21-27 


23-26 


17-19 


12-13 


Corrected indicated airspeed, mph 


170-175 


170 


170 


172-150 


180^155 


170 


170 


Manifold pressure, in. Hg.: 


27 
27 
27 


2S 
23 
28 


27.5 

28 
28 


28 
28 
28 


31 
31 
31 


28 
28 
28 


28 
28 

28! 


Engine speed, rpm: 


I7UO 
ISOO 
ISOO 


I7U0 
1800 
1800 


1750 
1800 
1800 


1750 
1800 
1800 


2060 

2100 
2100 


16UO 
1700 
1700 


1750 
1800 
1800 



^Flight in dry air. 



TABLE III 



RESULTS OF FLIGHT TESTS OF THE THERMAL ICE- PREVENTION EQUIPMENT 
INSTALLED IN THE RIGHT WING OUTER PANEL OF THE B-17F AIRPLANE 



^Th© mo- 
coup lo 


Test number 


1 


^2 


3 


4 


5 


^6 


r\3 

7 






7500 


4250 


3850 


4150 


4000 


4000 


9500 






175 


170 


170 


172-150 


180-155 


170 






AluUxeil w— nx i uoiu^/T? I a uui u , i 


5 


4 


26 


24 


25 


18 


l3 




^Weight of air to outboard section, Ib/hr - - - 


2640 


2860 


2860 


2940-2420 


3330-2870 


2820 


2160 


A40 


TAwir\AT«a 4-tt**A nf* tt^T* 4 n'f'n Nn ^ A AXoHfiMf^or ^F — — 
1 Oinp© i a J t5 Ox ox* XlivU ^ o^wiiau^v* , * 


3 


4 


26 


24 


25 


18 


13 


A4l 


Temperature of air out of No. 4 exchanger, "F - 


280 


256 


280 


280-523 


288-302 


268 


243 




Air uenipo I a oUi o rxov 0 r 


277 


251 


254 


256-299 


263-277 


250 


330 




neaw uo air, D\*u/iir — — — — 


169 000 

Aw ^ 0 Www 




X 1 «J 0\y\/\J 


181 000 

X vX , Ww 

174,000 


211 000 
192 000 


169,000 


172,000 


A ( 


, — 1 


Air ten^)erature8, ^ 


185 


180 


198 


182 


186 


185 


208 


AO 


Air a^ upper wxiw, ouo* t^\j 




53 


71 


60 


55 


64 


58 


AO 

Ay 


Air au lowor ^^p exxv^ o\#«i« — 




S3"" 


66 


S6 


47 


64 


44 




Ax r xXl Wxng noo I CIXXC7XUJA o i*^' owa# •-' V 




30 


40 


3^ 


59 


41 


35 


Ail 






226 


245 


243 


245 


231 


293 


A* 


Air luuO ^ap , sua* c>u 




2l5 


235 


232 


237 


221 272 

. — ii .. ■ ' -■■ 


A c; 
AO 


Air ax upper K^P ~*i^» ov»o» 






93 


64 


^9 


84 


76 


AO 


Air at xowor gap oaio, oua* ^.o 




162 


1:^7 


96 


78 


121 


80 


'T{\' ' 


Aj. r xn w xug iwo* ctxxoivxi ^n^, o • x^ »* 




40 


47 


45 


47 


41 


41 






2l3 


269 


229 


219 


227 


214 


255 


Ax 


AXl XUOU b^P* * **** • 


195 


190 


206 


192 


201 


193 


217 


A2 






97 


105 


90 


94 


100 


85 


As 






97 


107 


90 


85 


102 


85 






— — 


65 


80 


61 


69 


73 


69 


A26 




— 


91 


97 


86 


88 


102 


65 


O r 0 


5%V4 n 'f.AinrMrn f-iirAfi ^F abovA ambient— air temo • 
Tn^^T*nnr\l JIT* « 1 T*«»'f ni'jiV'ii lin (it nbord ata^lS^ 

AH\>f> X UOUxW 1 O X I — i I* V»€l*.w XXj^ civ y^AkVA \i. g vva*x«^g 




39 


21 


21 


27 


42 


35 


O f o 


da T"VkiiT*A4-nr a ^ r— 1 n-hA Irci 11 n At ohord Sta 




28 


21 


21 


27 


39 


41 


■ S25 




lio 


ilo 


60 


54 


66 


106 


71 








97 


68 


58 


66 


77 


78 


S?7 

r 


W9 1 CI V V^IIVaVA, O WW • •>< 




93 


56 


42 


44 


91 


66 




u p r Ho v>r 1 u rxi , o uo • w 




43 


37 


27 


31 


45 


41 








60 


40 


25 


25 


60 


40 






-— 


52 


24 


16 


20 


32 


29 








36 


26 


12 


14 


37 


28 


S39 






16 


10 


6 


6 


l6 


20 


820 




175 


173 


156 


119 


154 


164 


177 


S21 






138 


92 


76 


78 


91 


117 


S2i 


» Lower at 5% chord, sta. 2E-1/2 




US 


124 


93 


[ 113 


138 


129 



-V 



.^23 . 




TABU IT 



ro 



HESULTS OP FLIGHT TB8T8 OP THE THERMAL ICB-PREVBHTIOH EQUIPMSHT IMSTALIED 
IH THE RIGHT WING IMHER PAHEL AVD THE SMFEHXAGE OP THE X3-17P AIEPUHS 



Thermo- 
couple 
number 


Test number 


1 


H 


3 


4 


6 


^6 


7 






76-7100 


4250 


3850 


4160 


4000 


4000 


9500 






176 


170 


170 


172-150 


180-155 


170 








3 


0 


^6 






19 


13 


A42 


Temperature of air out of Io« 3 exohanger^^ 


Hi 


2^4 


316 


298-534 


304-319 


279 


346 






276 


229 


264 


274-310 


279.294 


260 


333 






2266 


3020 


2920 


2880«-26aD 


^0-2646 


2980 


2426 




<Heat to air^, lk>« 3 exohan^er, ^\x/hr • - - 


146,000 


166p000 


199,000 


190^000 
194^000 


204^000 
201,000 


186,000 


1M,000 


Ao^ 


Wine inner-panel air temperatures, ^ 




1 fiQ 

JL09 


J. r O 










CO r 


k %fl 
AOO 












Ox 


09 


O 1 


S74 


Win^ inner-panel akin temperatures, 
^ above ambientwiir tempo rat ure 


lOS 


81 


104 


86 


70 


104 


131 


S?2 




66 


^1 


80 


6^ 


49 


80 


97 


S70 




6? 


66 


5V 


4l 


43 


64 


60 


Sil 




42 


S3 


28 


16 


l6 


44 


30 


S75 




24 




l4 




2 


28 


19 


Mil 


Wing inner-panel structure temperatures, ^ 






78 


71 


67 


77 


77 


A35 


Right stabilizer air temperatures, ®P 


64 


60 


116 


122 


125 


88 


131 


A36 






11 


30 


26 


29 


29 


2S 


A3 7 






19 


49 


46 


60 


42 


43 


A32 




I'i 


io 


106 


lb6 


164 


103 


113 


A33 






30 


66 


32 


31 


67 


73 


A34 






55 


77 


68 


76 


80 


75 


A29 




59 


56 


89 


86 


89 


86 


93 


A30 


Air at xipper gap exit, outboard sta. - - - - 




27 


46 


44 


42 


53 


45 


A31 


Air at lower gap exit, outboard sta. - - - - 




27 


46 


44 


46 


66 


60 



• 


• 

Right stabiliter skin tempera turec, 
^ above anibient— air temperature 
















S67 
S69 

SAT 




27 
11 
14 
54 

27 


27 
9 
15 
48 
32 


27 
6 
20 
37 
26 


25 
9 

to 

35 
9 


27 
4 

21 
32 
9 


26 
5 
16 
55 
45 


53 
15 
27 
60 
44 


554 

S65 

see 

S59 

^ S60 
S61 


Upper near air exit, outboard sta. ----- 


4? 

34 
51 
34 


43 
10 
12 
41 
S4 

it 


34 
8 
11 
57 

21 
i& 


26 
6 
6 

50 

ii 


SI 

4 

7 
40 

2 


45 
6 
8 

60 

4.? 


38 
14 
14 
65 




Kignt staoiiicer structure temperature, ™ 










31 


44 




MIO 

~H9 




— 


32 

65 


66 
103 


66 
103 


65 
106 


60 


AR 


JnO 




— 


30 


67 


53 


55 


103 

56 


ll2 

50 




uorsai air ^eii^>era T«ure8, r 
















A 24 
A25 
AZ& 




202 
124 


187 
111 
35 


250 
174 


263 
187 
52 


266 


230 




A27 


Dorsal skin temperatures, ^ 
above ambient*air temperature 




25 


62 
48 


2e 


56 
33 


63 
43 


54 
39 


S49 




49 

37 


48 

35 


46 
44 


42 
14 


45 
12 


59 

33 


65 
53 


S61 


Dorsal structure temperature, ^ 


44 


45 


48 


52 


52 


56 


60 


M7 








10 o 


1 

ld9 




IcZ 


151 



TABLE IV (Concluded) 



Ok 



— T 

^Thermo- 
couple 
mimber 


Test number r 


1 


^2 


3 


4 


5 


^6 


7 


A15 


Pin air temperatures, P 


184 


169 


222 


235 


239 




250 


Al^ 




— 


74 


100 


39 


32 


85 


112 


A18 




88 


83 


123 


130 


128 


121 


140 


A19 






5S 


78 


t5 


69 


65 


to 








29 


52 


36 


33 


5i 


40 


A21 




26 


26 


52 


51 


56 


51 


57 


A22 






16 


36 


32 


33 


37 


33 




w • ^ B^&* w P>^^ r ^^^^ ^ 9 Mr 




1^ 


44 


36 


43 


42 


43 
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^Plights in dry air. 
^Measured at 6-inch venturi* 
Based on air flow to empennage, neglecting small amount of air flow to vdng inner panel* 
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Figure l.« The B~17F airplane in wbioh the thermal ice-prevention equipment haa 
been installed. 
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Figure 9.- Chordwise distribution of the skin temperature 
rise above ambient air temperature of the wing 
outer panel leading edge at stations 25 and 33. Test num- 
ber It ambient air temperature, 3° 
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Figure 10.- Chordwise distribution of the skin temperature 
rise above ambient air temperature of the wing 
outer panel leading edge at stations 20, 22 l/2, 25, 29 
and 33. Test number 2; ambient air temperature, 4"^ F. 
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Figure 11.- Chordwise^ distribution of the skin temperature 
rise above ambient air temperature of the wing 
outer panel leading edge at stations 20, 22 l/2, 25, 29 
and 33. Test number 3? ambient air teniperature , 26^ F. 
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Figure 12.- Chcrdwise distribution of the skin temperature 
rise above ambient air temperature of the wing 
outer panel leading edge at stations 20, 22 l/Z, 25, 29 
and 33. Test number 4? ambient air temperature, 240 F. 



NACA 



Fig. 13 



1 { Station 

o o 20 




0 4 8 12 16 



Distance aft of leading edge, percent chord 

Figure 13.- Chordwise distribution of the skin temperature 
rise above arr^bient air temperature of the wing 
outer panel leading ed-jje at stations 20, 22 l/2. 25, 29 
and 33. Test mjinber 5; ambient air temperature, 25^ F. 



NACA 



.xg. 14 



150 



0) 

o 



100^ 



Q) 



1^ 



0) 

CO 



0) 



CO 



o 

(A 



150 




100 



4 8 12 16 

Distance aft of leading edge, percent chord 



Figure 14.- Chordwise distrib-ulion of the skin temperature 
rise above ar-ibient air teinperaturo of the wing 
outer panel leading edge at stations ?0, 22 l/2, 25, 29 
and 33. Test nuLiiber 6; ambient air tempera r.^jre . 18^ F. 
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Figure 15.- Chordwjse distrib-ation of the slcin temperature 
rise above ambient air temperature of the wing 
outer panel leading edge at stations 20, 22 l/2, 25, 29 
and 33. Test number 7; ambient air temperature, 13^ F. 





Figure 16 Rime-ice formation on the right-hand landing- 
light cover and on the \inheated leading edge at 
the wing splice. The photograph was taken after landing 
from test 7. 




Jfigure 19. • Rime-ice formation on the lower lip and on the 

turning vanes in the duct of the intercooler air 
inlet located in the left wing leading edge outboard of na- 
celle 1, accumulated during test 7. (Photographed aft-er 
landing. ) 
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Figure 17.- Ice accumulation on the heated leading edge of 

tne right-hand wing between nacelles 3 and 4 
during test 7. 




Figure IS.- Ice formation on the unheated leading edge of 

the left wing between nacelles 1 and 2, test 7. 
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Figs. 20,21 




Figure 30.- Rlin6--lc6 formation on xhe unbeated wing leading 

edge and carburetor and Intercooler air Inleti 
between the fuselage and tlie left Inboard nacelle, au^cuau* 
lated during test 7, (Photograph taken after landing.) 




Figure 21.- Rlne-lce accumulations around the carburetor and 
Intercooler air Inlets in the unheated wing lead 
Ing edge between the fuselage and the right Inboard nacelle 
during test 7. (Photograph taken after landing.) 
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Figs. 20,23 




Figure 22.- Ice accumulations on the leading edge of the 

left horizontal stabilizer during flight of 
February 23, 1943. 




Figure 23.- Glaze-ice accumulation on leading edge of the 

right horizontal stabilizer at the tip, at mid- 
span, and in scattered areas on the aft portion of the 
doable skin during tests 4 and 5. 
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Figs. 24,25 




Figure 34.- Ice formation on the left horizontal stabiliser 
aocumulated during testa 4 and 5. 
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Figure 25.- Ice formation on the leading edge of the left 

horizontal stabilizer tip, on the aft portion of 
the double skin, and aft of the double akin on the upper and 
lover surfaces, accumulated during tests 4 and 5. 
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Figure 27.- Rime-ice accumulation on the riciit horizontal 

stabilizer tip during test 7, (Photograph taken 
after landing, ) 
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Figure 28.- The ver- 
tical 
stabilizer showing 
ice accumuiat ion on 
the neated leading 
edge in the region 
of the dorsal and 
fin joint, and on 
the unheated forward 
portion of the dor- 
sal during tests 4 
and 5- 
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Figure 29.- The verti- 
cal stabi- 
lizer showing the ac- 
cumulation of ice on 
the leading edge of 
the dorsal forward of 
the heated douole skin, 
on the leading edge at 
the junction of the 
dorsal auid fin, at the 
fin tip, and aft of 
tne leading edge during 
tests 4 and 5. 
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Figure 30.- Rime-ice formation on the heated leading edge of 

the vertical stabilizer at the junction of the 
dorsal and fin, at tne tip of the fin, and on the running 
lights on the forward portion of the dorsal during test 7. 




Figure 35.- Rime-ice formation on the forward side of the 

upper gun tiirret accumulated during test 7. 
(Pnotoiiraph taken after landing.) 



Figure 31.- Icing of pilot's (left) and copilot's (right) wind- 
shields during flight of February 23, 1943. The 
photograph shows the partial protection afforded the heated 
pilot's windshield. 
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Figure 32.- Ice accumulation on the pilot's heated windshield 
during flight in icing, teat 3. 



Figure 33.- Ice formation on the pilot's and copilot's windshield 

4 ^ V. ?• 'i-over portion of the heated pilot's 

windshield (on the right) is clear of ice. 
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Figure 34.- The pilot's (left) and copilofe (right) windshields during tests 4 
is clear of i^e.""' leaving the icing region. The heated pilot • s^indshield 
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Figure 37.- Rlme-lce aocumulatlon on the front of the fuse^ 
lage during test 7. (Photograph taken after 

landing. ) 
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Figure 38.- Ice formation on tbe left inboard engine cowl 
accximulated during test 3. 
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Figure 39.- Ice formation on the right Inboard engine cowl 
accumulated during test 3. 
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Figure 40.- TUe left engine nacelles showing ice accumula- 
tions on tne leading edge of the cowls, and on 
tae lip of tne air inlet for the heat exchanger in tne out- 
board nacelle (oeneatn tne right nacelle) during test 7. 




Figure 42.- Rime-ice accumulation on the unneated wing lead- 
ing edge between the fusel-age and the left in- 
board nacelle during test 7. 
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rigura 41. > Th9 unbeated wing loading edge, between the fuselage and the left in- 
board naoelle» showing Ice formation acoufflulated during teat 3. •j^ 
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Figure 43.- Ice accumulations on the drift sight (left cen- 
ter in photograph), loop-antenna housing, and 
the left airspeed aast during test 7. (Photograph taken af» 
ter landing.) 



Figure 44. • Ice accumu- 
lation on 
the right airspeed mast 
during test 7. (Photo- 
graph taken aUTter land-* 
ing.) 
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Figure 45.- Ice accuftiulations on the ice-lndicatlng strut 

and on the lead-in antenna wire of the liaison 
radio* Photograph was taken after landing from test 7- 




Figure 46.- Ice accumulation on the ice-indicating strut, 

mounted on the left side of the fuselage at the 
radio compartment during the flight on February 23, 1943. 
(Photograph taken after landing.; 



